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Abstract
A practical retrofitting method for enhancing the inelastic performance of existing semi-rigid
steel connections is introduced and verified in this study. The method entails adding highstrength steel strands parallel to the beam, passing them through the column, and anchoring and
post-tensioning them properly. To verify the proposed retrofitting system, firstly, a series of
semi-rigid bolted connections was experimentally tested under monotonic and cyclic loadings.
Then, the post-tensioning system was applied on the connections with the same geometry, and
the cyclic responses were studied under different post-tensioning parameters. Following the
recommended setup explained in this study, a locally post-tensioned (PT) structural frame will
experience enhancement in the lateral loading responses in the formed of a self-centering
capability and increases in the stiffness and strength. In the experimental approach, the test
subassembly was represented by an exterior beam-to-column connection and was constructed
with connection angles with three different thicknesses. The specimens were loaded
monotonically and cyclically to investigate the complex interaction between the connection
components, particularly the bolts and the angle column leg interaction. A special effort was
made to study the effect of the slip between the angle beam legs and the beam flanges on the
nonlinear responses of the beam-to-column connections. According to the observed deformation
patterns, analytical equations predicting the moment-rotation behavior of bolted angle
connections were presented and compared to the monolithically loaded test results. Generally,
steel frames with semi-rigid connections experience high residual connection rotations and story
drifts following an earthquake that cause significant repair expenses or require demolishing the
whole structure. The research studies on PT steel connections showed a self-centering capability
that eliminates or reduces these residual deformations after cyclic loading. The general analytical
iii

equations for evaluating the effect of post-tensioning on the moment-rotation response of steel
connections are presented and modified according to the locally PT system represented in this
study. The proposed retrofitting method of existing semi-rigid connections was experimentally
tested by adding PT strands to the subassembly setup. This retrofitting setup is applicable to be
added to both interior and exterior connections. To anchor the high-strength steel strands,
stiffener plates were welded to the beam at the specific length from the column face. The strands
were then passed through the column flanges and the stiffener plates and were anchored against
them. Five PT exterior connections with different PT strand lengths, initial post-tensioning forces,
and angle thicknesses were tested. Comparing the test results of the PT specimens to the semirigid connections without post-tensioning showed the cyclic response improvement. The posttensioning approach decreased the residual rotation and increased the stiffness, strength, and
hysteretic energy dissipation capacity of the connections. Shorter strands provided higher
increases in the stiffness and strength; however, the effect of the strand length on the energy
dissipation capacity should further be studied. The tension force loss in the PT strands highly
reduced the self-centering capability and was more significant in the shorter strands. In the last
chapter of this dissertation, the presented analytical equation for predicting the effect of PT
strands on the bending stiffness of a PT connection was verified and later modified using the
experimental test results.
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Chapter 1. Introduction

1.1

Overview and Problem Statement

To avoid brittle failures, steel structural frames are designed to have a ductile behavior and be
able to dissipate energy while withstanding the earthquake-induced forces. A common design
approach in order to provide ductility is to predefine specific locations in a beam or connection
components for the formation of yield mechanisms (Abolmaali et al. 2009)(Salazar and Haldar
2001)(Engelhardt et al. 1996)(Ghassemieh and Kiani 2014). Following this approach, the main
load carrying members of the frame stay undamaged, while the energy dissipation capacity of the
frame is provided by the nonlinear response of energy dissipating (ED) components. Although
yielding of ED elements is not a brittle failure, it causes post-earthquake permanent connection
rotations and story drifts (Sekulovic, Salatic, and Nefovska 2002). Therefore, following a design
level earthquake, the affected structure needs to be repaired or demolished with a great economic
loss. Studies have been performed to self-center steel frames by developing a restoring moment
in beam-to-column connections. In these studies, post-tensioning strands were mostly run along
all the frame bays and were anchored against the exterior columns. According to the literature,
the post-tensioned (PT) beam and column members remained un-damaged, and the residual
deformation of the structure after cyclic loading was eliminated. The PT beam-to-column
connections with different types of ED devices, and self-centering systems consisting of highstrength steel strands or steel bars were tested before(Rojas, Ricles, and Sause 2005)(Ricles et al.
2001)(Christopoulos et al. 2002). However, locally post-tensioning the connection regions of an
existing steel frame has never been studied. This study focused on improving the seismic
performance of existing semi-rigid top-and-seat angle beam-to-column connections
1

(Christopoulos et al. 2002)(Ricles et al. 2001)(Eatherton and Hajjar 2011). The new setup of
adding PT strands to an existing connection was developed and PT exterior joint specimens with
different PT strand lengths, post-tensioning forces, and angle thicknesses were tested. Comparing
the test results of the PT specimens and the same connections without post-tensioning showed
the cyclic response improvement of the local PT connections. The provided post-tensioning
approach decreased the residual rotation of the tested specimens. Moreover, it increased the
stiffness, strength, and hysteresis energy dissipation of the subassemblies. The effects of the
strand length and the force loss of the PT strands on the moment-rotation responses were studied
in more detail. An analytical equation verified by the experimental results was also presented to
estimate the post-tensioning force effect on the bending stiffness and the maximum experienced
moment per rotation of a retrofitted steel connection.

1.2

Research Objectives

The main objective of this research study is to investigate the possibility of improving the
seismic performance of existing semi-rigid steel connections by locally post-tensioning them in a
practical and cost-effective construction sequence, i.e. with minimum interference with the other
structural members and utility components along with minimal disruption time.
The presented method of retrofitting steel moment resisting frames (MRFs) or steel gravity
frames has never been studied in the literature. In addition, the parametric study of the posttensioned (PT) strand length effect on the nonlinear behavior of the retrofitted connections was
studied for the first time in this research.
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1.3

Research Methodology

To meet the aforementioned objectives, the following research steps were proposed:
-

Review the literature on experimental and analytical studies in order to investigate the
effect of post-tensioning systems on the inelastic response of steel semi-rigid connections
and steel frames.

-

Perform monotonic and cyclic loading experiments on top-and-seat angle connections with
three different angle thicknesses to investigate and document the connection responses and
failures, then compare computed moment-rotation curves derived from analytical equations
with the experimental results.

-

Develop a test setup of a large-scale connection subassembly for placing the posttensioning strands on an existing semi-rigid steel connection, and detail the construction
sequences of mounting high-strength strands, anchor stiffener plates, and beam flange
reinforcing plates on existing top-and-seat angle connections.

-

Perform a parametric experimental study of retrofitted PT connection components with
different strand lengths, initial post-tensioning forces, and angle thicknesses.

-

Verify the presented simplified analytical equations in order to represent the posttensioning effect on the stiffness and moment-rotation curve with a special focus on the
tension loss in the PT strands.

1.4

Organization of the Dissertation

This dissertation includes eight chapters. Chapter 1 presents the problem statement, objectives,
and scope of the research. Chapter 2 summarizes the literature review on the nonlinear behavior
of semi-rigid steel connections and frames and the advantages of utilizing PT strands to provide
3

self-centering capability in steel and concrete connections. Chapter 3 introduces the PT
connection behavior and analytical equations that represent the effect of PT strands on the
moment-rotation responses. This chapter also covers a brief explanation of the proposed
retrofitting method and the additional components that should be added to an existing steel frame
in order to provide a self-centering capability. Chapter 4 summarizes the experimental setup and
test results of top-and-seat angle connections under monotonic loading. The simplified equations
simulating the angles nonlinear behavior are provided in Chapter 5. The responses of a set of
connection specimens with the same geometry but under cyclic loading is presented in Chapter 6.
Chapter 7 concentrates on the test setup and construction sequences of the proposed posttensioning method. Chapter 8 focuses on the experimental results of the tested PT connections
under cyclic loading and summarizes the effect of connection parameters on the self-centering,
energy dissipation, and moment-rotation behaviors. The research summary and conclusion is
presented in Chapter 9.

4

Chapter 2. Literature Review

2.1

Semi-Rigid Steel Connections

By avoiding brittle failures, steel MRFs with bolted beam-to-column connections have a better
seismic performance once compared to steel MRFs with welded connections. Bolted connections
have the following advantageous and characteristics that have increased their use in construction
(Jones, Kirby, and Nethercot 1983)(Bjorhovde, Reidar, Jacques Brozzetti, and André Colson
1988).
1. The flexible behavior of bolted connections provides a more ductile response. They absorb
and dissipate higher energy under cyclic loading (Bernuzzi, Calado, and Castiglioni
1997)(Fedral Emergency Management agency (FEMA) 2000).
2. The seismic fuse components used as energy dissipating (ED) devices in bolted
connections can be easily replaced after experiencing high plastic deformations.
3. Bolted connections with higher flexibility relative to welded connections can reduce the
structural seismic demand (Aksoylar, Elnashai, and Mahmoud 2011). Therefore, the
optimized connection stiffness can be chosen to decrease the weight and construction cost
of a steel structure.
4. The force redistribution capability of a bolted connection (Geschwindner 1991) is caused
by the multiple failure mechanisms as opposed to a welded connection with limited failure
mechanisms.
5. The fabrication and erection cost of bolted connections has been reduced continuously.
6. The more reliable final construction quality of pre-fabricated bolted connections compare
to field-welded connections has reduced the inspection time and cost.
5

The following reasons in addition to the predefined characteristics have interested researchers
to study the nonlinear behavior of bolted connections both in component and system level
analysis:
-

Providing a more realistic moment distribution in system level analysis.

-

The better knowledge of post-yielding response of semi-rigid bolted connections to be
used for strength design methods.

-

The complexity in the analysis of bolted connections because of the contribution of many
connection elements and contact surfaces.

A primary step to analyze the lateral response of semi-rigid frames and PT frames is to
understand the bending and shear behavior of their connections. Experimental results showed
that the nonlinear behavior of moment connections is dependent on the type of the connecting
elements, such as T-stubs, end plates, top and seat angles, etc. (Figure 2-1) in addition to the
geometry and material properties of the connection components. These parameters control the
initial stiffness, ultimate strength, and ductility of flexible connections. For instance, the angle to
bolt stiffness ratio, bolt gage length, beam depth, and material properties are the dominant
parameters that define the stiffness, strength, and energy dissipation capacity of top-and-seat
angle connections.

6

Figure 2-1. Connection moment-rotation curves (Frye and Morris 1975)
Different methods have been used in numerous research studies to determine the momentrotation relationship of the top-and-seat angle connections. These methods include experimental
monotonic or cyclic loading tests (Mander, Chen, and Pekcan 1994)(Azizinamini and
Radziminski 1990)(Shen and Astaneh-Asl 1999), statistical empirical (Attiogbe and Morris 1991)
and semi-empirical mathematical equations (Kishi and Chen 1990)(Lee and Moon 2002),
verified analytical models (Shen and Astaneh-Asl 2000), and verified finite element models
(Komuro, Kishi, and Chen 2004)(Kim, Ghaboussi, and Elnashai 2010)(Takhirov and Popov
2002)(Pirmoz et al. 2009). The defined moment-rotation responses of the frame connections
contribute to the overall frame deformation, in particular to the frame sway (W. Youssef-Agha,
H. M. Aktan 1989)(Gerstle 2005)(Mahmoud 2011). The connection nonlinear behavior affects
the internal force distribution in moment resisting frames as illustrated in Figure 2-2. Moreover,
the natural period of the semi-rigid frame vibration and the seismic demand on a frame depend
on the stiffness of the connections (Geschwindner 1991).
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Figure 2-2. Effect of connection flexibility on frame sway and column moment (Gerstle 2005)
As illustrated in Figure 2-2, the reduction in the stiffness of the connections increases the story
drift in a pushover analysis of a lateral load resisting frame. Investigating the overall frame
responses and methodologies for designing top-and-seat angle connections in steel frames were
presented and discussed in the literature (Kishi et al. 1993)(Kim and Chen 1998).

2.2

PT Precast Concrete Connections

To reduce the residual deformations in concrete moment resisting frames but allow frames to
experience plastic deformations, post-tensioning approaches with self-centering capabilities have
been developed.
Cheok (Cheok and Lew 1993) performed experimental tests on PT precast concrete beam-tocolumn connections. In that experimental approach, the post-tensioning force was applied by
steel strands or bars. In the case of partially bonded strands, leaving the strands un-bonded in the
column region and for a short length in the beam section near the column, the connection
presented a self-centering behavior, as shown in Figure 2-3. Comparison of the results with
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monolithic test specimens indicated that the PT precast concrete specimens had comparable
connection strengths and a higher ultimate displacement and ductility. The total energy
dissipation to failure of the tested PT connections was higher, although they had a lower energy
dissipation per cycle (Cheok and Lew 1993).

Figure 2-3. Beam cross-section and hysteresis plot of PT concrete beam-to-column connection
(Cheok and Lew 1993)

2.3

PT Steel Connections

Primary studies on post-tensioning top-and-seat bolted connections were performed by Ricles
(Ricles et al. 2001), (Ricles et al. 2002). As illustrated in Figure 2-4, high-strength PT steel
strands were used for the purpose of self-centering. The strands in all of these studies were
placed along the whole length of the beams. However, for the retrofitting purpose in this research,
it is more practical to run the strands for a short length to eliminate any interference with the
structural and architectural components. Garlock (Garlock, Ricles, and Sause 2005) performed
an experimental parametric study to illustrate the positive effect of increasing the number of
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strands for the post-tensioning purpose and presented a simplified analytical equation to predict
the response of PT top-and-seat angle connections. These studies showed a stable self-centering
capability of the tested PT connections as long as beam local buckling and strand yielding were
avoided.

Figure 2-4. Schematic elevation of one floor of a PT frame and connection details (Garlock et al.
2005)
Figure 2-4 shows shim plates and beam flange reinforcing plates in their experimental setup
(Garlock et al. 2005). These components were added to protect the beam web and the beam
flanges from high concentrated compression stresses, respectively. PT steel bars in place of PT
high-strength steel strands can also provide a self-centering capability in moment resisting PT
connections. As Christopoulos (Christopoulos et al. 2002) proved, this proposed PT connection
with bars was capable of undergoing large deformation while keeping beams and columns
undamaged. Figure 2-5 displays this model with ED bars which yield in axial tension and
compression to provide energy dissipation in place of top and seat angles.
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Figure 2-5. Exterior PT energy dissipating connection (Christopoulos et al. 2002)
Some other types of ED systems with friction devices were studied in the literature. Rojas (Rojas
et al. 2005) used a connection ED component that was made of a friction plate sandwiched by
two brass shim plates that were inserted between the beam flange reinforcing plate and the outer
plates of the columns as shown in Figure 2-6. Kim (Kim and Christopoulos 2008) applied two
bolt-prestressed friction dampers on the top and bottom of a moment-resisting connection. This
mechanism, shown in Figure 2-6, consisted of a frictional interface with stainless steel and
nonasbestos organic pads.

Figure 2-6. Post-tensioned friction damped connections, left Rojas (Rojas et al. 2005) and right
Kim (Kim and Christopoulos 2008)
The PT connection configuration studied by Wolski (Wolski, Ricles, and Sause 2009), illustrated
in Figure 2-7, consisted of bottom flange friction devices with brass friction plates. Application
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of a bolted web friction device consisting of two brass shim plates on two sides of a steel beam
web plate was tested by Tsai (Tsai et al. 2008) and is shown in Figure 2-7.

Figure 2-7. Post-tensioned friction damped connections, left Wolski (Wolski et al. 2009) and
right Tsai (Tsai et al. 2008).
All these methods provided PT connections with initial stiffness similar to fully welded moment
resisting connections. However, each of the aforementioned connection details showed a
different amount of energy dissipation in hysteresis curves. They also have different construction
costs, and different degrees of interference with floor slabs, collector beams, and mechanical and
electrical components. The main advantage of using the existing top and seat angles in the
connection setup of this research is to minimize the time and cost of the retrofitting process.
Adding a new ED component like a friction system will dramatically increase the cost of a
retrofitting project.
The application of finite element models (FEM) is the other approach besides experimental tests
to perform parametric studies on PT connections. Chou (Chou et al. 2006) used a FEM to
investigate the stress flow in an interior joint consisting of beams compressed against a concrete
filled tube column using PT strands. Some other FEMs at the subassembly level were developed
by Shiravand (Shiravand and Mahboubi 2016), Kim (Kim and Constantin 2009) and Moradi
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(Moradi, Saber; Alam 2013) with different types of post-tensioning systems and connection
components.
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Chapter 3. PT Connection: Description

3.1

General

The overall nonlinear response of the proposed PT connection is presented in this chapter. For
this purpose, the PT connection is decoupled into ED components and post-tensioning
components. The deformation pattern, equilibrium equation and bending stiffness of each
component are discussed here. For simplicity, the floor slab effect is neglected, which is an
acceptable assumption for the interaction of a non-composite diaphragm with a steel frame. The
effect of the strand length in the response of the proposed retrofitting method is further discussed
in the last section.

3.2

PT Connection Concept

Figure 3-1 shows the proposed PT steel connection comprised of post-tensioning and ED
components. The post-tensioning elements, steel strands in this study, compress the beam to the
column to provide the self-centering capability. The top and seat angles are the main sources of
energy dissipation in hysteretic loops.

Figure 3-1. Proposed PT connection
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To study the rotation behavior of the retrofitted connection, the resisting moment can be
decoupled into the PT strands and the top and seat angles presented in Figure 3-2. The
compression force in the beam due to the PT strands provides a resisting moment against the
relative beam to column rotation which is referred to here as the decompression moment, Md.
The decompression moment caused by the tension force in the strands is calculated right before a
gap opening occurs at the tension angle heel between the beam and the column face. By the
beginning of the connection rotation, the strands elongate and the tension force increases in the
strands. This provides a higher post-tensioning moment resistant, with the bending stiffness, Ks,
as depicted in Figure 3-2 (a).

Figure 3-2. Idealized moment-rotation response of PT strands (a), ED top and seat angles (b),
and PT connection (c)
The ED elements provide an elastoplastic hysteretic behavior under a cyclic deformation, as
depicted in Figure 3-2 (b). The initial response of a top-and-seat angle connection can be
idealized with an elastic stiffness, Ke. After the formation of hinges at the tension and
compression angles, as shown in Figure 3-3, the stiffness of the connection significantly reduces
to a post-yield stiffness, Kp, as shown in Figure 3-2 (b).
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Figure 3-3. Deformation of a PT top-and-seat angle connection
The contribution of the PT strands to the connection response increases the stiffness and moment
capacity of the retrofitted semi-rigid connection depicted in Figure 3-2 (c). Moreover, it provides
a self-centering capability that reduces the residual rotation of the connection after the plastic
deformations occur in the ED components.
The nonlinear moment-rotation curve of a tested semi-rigid connection and a retrofitted PT
connection with the same geometry is presented in Figure 3-4. Before the gap opening at the
beam-column interface, the PT connection has a high initial stiffness similar to a fully rigid
connection. Shortly after the applied moment exceeds the decompression moment and the gap
starts opening, the top and seat angles start to yield and the connection stiffness decreases to a
post-yield bending stiffness during a transition stage. After the unloading, the post-tensioning
force returns the connection to its initial position, which is the self-centering capability. In the
proposed PT connection, all the failures will occur only in the angles, which can be replaced
following a severe earthquake.
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Figure 3-4. Moment-rotation response of semi-rigid and PT retrofitted connections

3.3

Analytical Model

Combining the moment resistance due to the post-tensioning strands, Ms, and the ED system,
Med, provides the following moment resistance of the retrofitted PT connection:

M PT = Med + M s

(1)

The components contributing to the moment resistance of a deformed PT connection are shown
in the free body diagram in Figure 3-5. Assuming the axis of rotation at the interface of the
column and the reinforcing plate, the moment resistance of the top and seat angles can be
presented as follows:

M ed ( ) = Va ( )d a + M T ( ) + M C ( )

(2)

Va represents the shear force in the column leg of the tension angle at the fillet point (where a
plastic hinge forms); da is the distance from the toe of the fillet point to the center of rotation;
and MT and MC are the moments in the fillet points on the tension and compression angles,
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respectively. The experimental and analytical methods to assign the moment-rotation
relationship of top-and-seat angle connections are further explained in Chapter 4 to Chapter 6.

Figure 3-5. Free-body diagrams of PT connection
The resisting moment provided by the post-tensioning system is equal to the compression force
in the locally post-tensioned end of the beam, P, times the distance of the beam compression
force to the center of rotation, dPT.

M s ( ) = P( )d PT ( )

(3)

The axial forces in the beam and the tension force in the strands are in a horizontal equilibrium.
Writing the equilibrium equation of the free-body diagram at the anchor point of the retrofitted
beam, as depicted in Figure 3-5, the compression force in the PT length of the beam can be
calculated as:

P = T −T'
T represents the total tension force of the PT strands,
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(4)

T = Ti

(5)

In the case of applying the proposed post-tensioning system at both ends of a bay in a frame
(Figure 3-6), T’ denotes the tension force at mid-span.
In a moment resisting frame, considering a fixed boundary condition in the horizontal direction
at both end columns and assuming a constant axial stiffness of the beam, T’ and P are as follows:

T '=

2 LPT
T
Lb

P = T (1 −

2LPT
)
Lb

(6)

(7)

Here Lb is the total length of the beam in the post-tensioned frame and LPT is the post-tensioned
length at each end of the PT beam. The post-tensioning method is presented for retrofitting
existing gravity or moment resisting frames and the tension force T’ in the middle of a PT beam
can eliminate a portion of the beam deflection that is caused by the service loads. However, the
other design criteria for the beam section should be checked and necessary strengthening should
be applied. Since the tension force in a beam decreases the beam-to-column connection capacity,
it is recommended to keep the symmetry and post-tension both ends of the beam during the
retrofitting procedure.
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Figure 3-6. Axial forces in post-tensioned frame
As explained before, no connection rotation occurs until the applied moment exceeds the
decompression moment, Md. When the shear force in the angle column leg become zero, a gap
opening occurs between the angle and the column face. At this point, Med = 0. Therefore, the
decompression moment of the PT connection is only relative to the resisting moment of the PT
strands, equal to:
M d ,th = PdPT

(8)

where dPT is equal to the distance from the beam compression force to the axis of rotation.
Before the gap opening occurs and by assuming an equal initial tension force in all the strands,
the aforementioned equation can be written as:

d

M d ,th = P b − t bf 
 2


(9)

where db is the beam depth and tbf is the beam flange thickness. For the tested cantilever beam in
this study, T’ is zero because of the free boundary condition at one end. Therefore, P is equal to
ΣTi, and the theoretical decompression moment of the tested specimens is as follows:
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d

M d ,th = T0  b − t bf 
 2


(10)

where T0 is equal to the sum of initial strand forces. In the tested cantilever beam, neglecting the
axial deformation of the beam member, the moment-rotation backbone curve of the PT cantilever
beam can be calculated as follows:

Ms =

EI s
 + Md
ls

(11)

where E is the strand modulus of elasticity, ls is the strand length, and Is is the strand second
moment of area with respect to the axis of rotation. Therefore, the post-tensioning bending
stiffness after the connection decompression can be presented as follows:

Ks =

3.4

EI s
ls

(12)

Proposed Retrofitting Method

A schematic of the tested PT connection is illustrated in Figure 3-7 and the schematic of the
proposed retrofitting method on a planner semi-rigid frame is shown in Figure 3-8. A proposed
PT connection consists of the following components:
-

Beam and column members as the main shear, axial and moment load-carrying components.
In the proposed PT connection, these components stay in the elastic zone under a design
earthquake.

-

Top and seat angles to transfer moment and shear force in the connection. The angles as
fuses yield in earthquake loading and dissipate energy. The angles can later be replaced by
new profiles if they fracture or experience high damage following an earthquake.
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-

High-strength steel strands to apply the post-tensioning force.

-

Anchor stiffener plates welded to the flanges and web of the beams. The PT strands are
passed through shop drilled holes in these plates and anchored against it.

-

Reinforcing plates that are snug tightened to the beam flanges and field welded to the inside
face of the beam flanges to transfer the compression force to the column. This setup of
reinforcing plates eliminates the need to remove the angles for placing the reinforcing plates.
The reinforcing plates eliminate the slip between the angles and the beam flanges that causes
the loss of strand tension force. They also keep the PT connection stable after the possible
occurrence of fracture in angles and delay the onset of local beam flange and web local
buckling (Garlock et al. 2005).

Figure 3-7. PT connection test setup
There is a clearance distance between the beam end and the column face in top-and-seat angle
connections. Therefore, shim plates, which prevent a contact between the beam web and the
column face as recommended in the literature, are not required in the proposed retrofitting setup.
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Figure 3-8. 3D representation of proposed retrofitting method for interior connection
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Chapter 4. Semi-Rigid Connection: Monotonic Test

4.1

General

To study the flexural behavior of the proposed PT connection, the moment-rotation behavior of
the top and seat angles, as the ED components, should be studied in advance. In bolted
connections, the number of elements and their interactions add complexities to the nonlinear
response analysis as opposed to welded connections. Typical moment-rotation curves for
different types of bolted connections are available from one of the several databases referenced
in the AISC commentary (Committee. 2010). Although it is possible to utilize standardized
functions provided from experimental test results to express a connection moment-rotation
behavior in terms of its geometric parameters, using standardized functions is acceptable only for
the limited range of the connection types and sizes used in deriving them (Attiogbe and Morris
1991). According to the AISC commentary (Committee. 2010), it may be possible to determine
the response characteristics of semi-rigid bolted-connections from tests, simple components
modeling, or finite element studies.
In this chapter, an experimental setup for testing a set of three bolted top-and-seat angle
connections with different angle thicknesses is presented. Moreover, the deformation pattern, slip
effect, and nonlinear moment-rotation behavior of the tested connections under monotonic
loading are explained. Another set of specimens with the same geometric characteristics were
tested under cyclic loading up to the point of angle fracture, and the results are presented in
Chapter 6. The proposed retrofitting method was applied to the same set of connections which
were tested under cyclic loading. The test setup and results for the PT connections are presented
in Chapter 7 and Chapter 8.
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4.2

Test Setup

The setup of the tested subassembly, which represents an exterior connection, is shown in Figure
4-1. The cantilever beam in this setup simulates a beam of a steel frame under lateral loading
with shear load and zero moment at the inflection point. In this test configuration, top and seat
angles connect an imperial W8×35 wide flange beam to a 25.4 mm (1 in.) thick steel plate,
referred to as the column plate. This plate, with stiffeners welded on its backside, provides a
rigid surface representing the column interface. Therefore, the contribution of the column
deformation in the connection response is highly reduced and will be assumed as negligible.

Figure 4-1. Overall test setup
As seen in Figure 4-1, the subassembly is mounted on a test frame that transfers the applied load
from the actuator to the laboratory strong floor. All fasteners are 19.0 mm (3/4 in.) diameter
high-strength A325 heavy hex bolts with hardened washers under nuts and hexagonal bolt heads,
with 1.6 mm (1/16 in.) standard bolt-hole clearance. To provide an approximately equal pretensioning force in all the bolts, the bolts were snug-tightened and then the pre-tensioning bolt
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load was set to 29±0.1 kN (6.5±0.1 kips) using a calibrated torque wrench. A 25-kip force
capacity hydraulic actuator that can apply a monotonic or quasi-static cyclic load on the tested
specimens is connected to the end of the cantilever beam. The actuator load can be assumed as a
point load 127.6 cm (50-1/4 in.) from the column plate, considering 6 mm (1/4 in.) clearance
distance between the beam end and the column face. For a cantilever beam, based on equilibrium,
the applied moment is M = VL , where V denotes the shear force in the connection equal to the
applied force from the actuator and L denotes the arm of the force on the cantilever beam. Hence,
the connection moment at the column face is calculated as the actuator force multiplied by the
127.6 cm (50-1/4 in.) moment lever arm.
To apply a monotonic load, the actuator pushed the beam downward at a rate of 0.25 mm/s (0.01
in./s). The monotonic tests were stopped when the actuator reached a final displacement of 20.3
cm (8 in.) from the initial position, as shown in Figure 4-2. This displacement-controlled
monotonic loading caused over 0.14 rad of connection rotation that captured a wide range of
plastic deformation and nonlinearity. The corresponding lateral drift relative to this rotation
exceeds all the thresholds in a seismic performance analysis.

26

Figure 4-2. Top-and-seat angle connection, angle size L6×4×½, end of test (θ = 0.14 rad)

4.3

Test Specimens

The specimen details are given in Figure 4-3 and Table 4.1. Letter M in the specimen names
indicates a monotonic loading test procedure, and the number following the hyphen represents
the angle thickness in sixteenths of an inch.

Figure 4-3. Connection geometry and bolt holes placement
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The angle width, wa, was kept constant at 21.6 cm (8-1/2 in.) for all the specimens. The column
bolt gage length gc = 62 mm (2-7/16 in.), beam bolt gage length gb = 51 mm (2 in.), and bolt
spacing dbt = 140 mm (5-1/2 in.) were also the same for all the test specimens.
Table 4.1. Summary of test specimens
Specimen

Angle Type

Column Leg
Length, Lac (in.)

Beam Leg
Length, Lab (in.)

Angle Thickness,
ta (in.)

M-4

L4×3 1/2×1/4

10.2 cm (4)

8.9 cm (3 ½)

6.3 mm (1/4)

M-5

L6×4×5/16

10.2 cm (4)

15.2 cm (6)

7.9 mm (5/16)

M-8

L6×4×1/2

10.2 cm (4)

15.2 cm (6)

12.7 mm (1/2)

4.4

Material Properties

The L4×3 1/2×1/4 and L6×4×5/16 angle sections and the beam section were of ASTM A572
Grade 50 steel with a minimum yield stress of σy = 345 MPa. The L6×4×1/2 angle section were
of ASTM A36 steel with a minimum yield stress of σy = 248 MPa. Coupon samples were cut in
the transverse direction, perpendicular to the rolling direction, from the same stock that the tested
angles were fabricated from as shown in Figure 4-4 and Figure 4-5. This direction was the
primary bending and tension stress direction of the angles under loading. The average
mechanical properties of the coupons, accordance with ASTM E8M (ASTM Int. 2009), are
summarized in Table 4.2 and Table 4.3.
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Figure 4-4. Coupon specimens of L6×4×5/16 section

Figure 4-5. Coupon specimens of L4×3½×1/4 section
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Figure 4-6. Coupon tension test apparatus
Table 4.2. Tension test summary of the coupon specimens
Specimen
Number

Cross Section
Size

Yield Stress
fy MPa (ksi)

Ultimate
Stress fu MPa
(ksi)

Ultimate Strain
ɛu (%)

4-1

1/4×1/4

400 (58.1)

559 (81.1)

N/A

4-2

1/4×1/4

403 (58.4)

563 (81.6)

N/A

4-3

1/4×1/4

392 (56.8)

538 (78.1)

N/A

5-1

1/2×5/16

369 (53.5)

505 (73.3)

N/A

5-2

1/2×5/16

379 (55.0)

510 (74.0)

N/A

5-3

1/2×5/16

369 (53.5)

509 (73.8)

24.01

5-4

1/2×5/16

352 (51.0)

497 (72.1)

31.22

5-5

1/2×5/16

355 (51.5)

494 (71.7)

24.45

8-1

1/2×1/2

303 (44.0)

455 (66.0)

N/A

8-2

1/2×1/2

300 (43.5)

447 (64.9)

30.71

8-3

1/2×1/2

296 (43.0)

444 (64.4)

30.90

8-4

1/2×1/2

303 (44.0)

454 (65.8)

29.90

8-5

1/2×1/2

303 (44.0)

451 (65.5)

27.85

8-6

1/2×1/2

303 (44.0)

452 (65.6)

31.40
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Table 4.3. Average of Material Properties
Angle
Type

Coupon Cross
Section

Yield Stress
fy MPa (ksi)

Ultimate Stress
fu MPa (ksi)

Ultimate
Strain ɛu (%)

L4×3½×¼

1/4×1/4

399 (57.8)

554 (80.3)

N/A

L6×4×5/16

1/2×5/16

365 (52.9)

503 (73.0)

26.6

L6×4×½

1/2×1/2

301 (43.7)

451 (65.4)

30.1

4.5

Instrumentation

In order to capture the response of the connections, a complex arrangement of sensors was
mounted on the specimens as illustrated in Figure 4-7 (a). The test data were acquired using a
National Instrument Data Acquisition (NI-DAQ) system, as shown in Figure 4-7 (b).

Figure 4-7. Instrumentation of specimens, sensor setup (a), data acquisition system (b), using
sensors along with image processing (c)
The measured parameter, type, and location of the sensors are as follows:
- The rotation of the beam relative to the column plate was first measured using linear variable
differential transformers (LVDT) that were placed on the beam top flange. As illustrated in
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Figure 4-8, the LVDTs were fixed to the column plate using steel rods to measure the deflection
of the beam. There were uncertainties in the initial relative angle between beam and column and
the plumbness of the LVDTs and the rigidity of the LVDT supports during the test. The
measured deflection was then compared to the deflection measured by image processing
software, NCORR (Blaber and Antoniou 2015), that revealed discrepancy. The drawback of
NCORR software was its long processing time. Therefore to generate more reliable data and
reduce processing time, a program with an efficient computation running time, using image
processing technique, was written by the author. The developed program measures the slope of
the top beam flange and the column plate and calculates the relative rotation between the beam
and column faces as further explained in Section 4.6.

Figure 4-8. Recording beam deflection by LVDTs (left), and software NCORR (right)
- The strains on the top and bottom beam flanges at 152 mm (6 in.) and 305 mm (12 in.) from the
end of the beam were measured by strain gauges. These strain gauges were used to verify that the
maximum tension and compression strain are less than the yield strain.
- The applied load and the actuator displacement were recorded by a load cell and an LVDT
attached to the actuator.
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- The relative displacements between the angle legs and beam or column flanges were measured
by four potentiometers. The potentiometers were mounted at the end of the angle legs to measure
the relative horizontal and vertical displacements between the beam flanges and angle legs, as
shown in Figure 4-9. In order to eliminate the effect of the column leg uplift on the recorded data
of the potentiometer, it is recommended to place an end of the potentiometers where the column
leg does not separate from the column face.

Figure 4-9. Potentiometers on top angle

4.6

Image processing code

The code can measure the displacement of the beam relative to the column face, Δ b, and the
connection rotation, θ, at any point along the beam length. Before loading the specimens, the
beam and column flanges were painted white and a row of black circular reference points was
attached to the beam top flange, as shown in Figure 4-10 (a).
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Figure 4-10. Image processing technic: (a) deformed tension angle M-4, (b) red intensity of the
image
The white paint was beneficial for better detection of the beam and column flange edges and the
black reference points were employed to find the location of the beam relative to the column.
During each test, a video was captured from the top part of the connection using a 300mm lens.
Then, an image per second, with the maximum possible 24 Hz samples, was processed. By
scanning the red intensity of pixels in images, as shown in Figure 4-10 (b), and setting a
threshold for this intensity, the bottom edge of the beam top flange was detected. Using the leastsquare method, a three-degree polynomial function was fitted to the edge points as shown in
Figure 4-11 (a & b). Following the same procedure, another polynomial function at the left edge
of the column flange was assigned to represent the column line as depicted in Figure 4-11 (c &
d).
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Figure 4-11. Edge detection of beam and column flanges
In this study, θ was assigned based on the relative slope between the column edge and the beam
edge at the closest bolt-hole edge to the column, 40 mm (1-19/32 in.) from the column face.
However, the beam-column rotation could be measured at any distance from the column face
using this method. The accuracy of the presented method is related to the pixel/length ratio, less
than 2×10-4 rad in this experimental study. The beam-column relative displacement, Δb, was also
measured by tracking the position of the reference points on the beam top flange with a tolerance
of less than ±0.05 mm (±2×10-4 in.) The detachment of the top angle heel from the column face
was measured by subtracting the measured displacement by potentiometers from Δb.

4.7

Connection Behavior

Since bending deformation is the most dominant parameter in a connection response, the
moment-rotation curves of all the specimens were developed by the image processing program
and are illustrated in Figure 4-12. The horizontal axis in these graphs represents the relative
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rotation between the beam top flange (at 40.5 mm, 1-19/32 in., from the column face) and the
column plate.

Figure 4-12. Moment-rotation curves
All the connections experienced an initial elastic behavior with an initial slope Ke of the tangent
line from the original point. Downward movement of the actuator induces tension force in the
top angle. This angle was the most controlling component of the connection moment-rotation
behavior. Due to the tension force in the top beam flange, the angle heel separated from the
column plate and displaced horizontally. Consequently, the angle yielded near the column bolt
head, Point A in Figure 4-13. With continued loading, reduction in the connection stiffness up to
the formation of all the plastic hinges in the tension angle occurred. The position of Point A, the
first plastic hinge, is not constant across the angle width of the tension angle (Mander et al. 1994)
(Garlock, Ricles, and Sause 2003) during loading, and not similar for all the angle and beam
sizes (Shen and Astaneh-Asl 1999). As illustrated in Figure 4-13, two other plastic hinges were
formed near the fillet toe in the top tension angle and a plastic hinge formed near the fillet toe in
the beam leg of the seat compression angle. As illustrated in the moment-rotation curves, there is
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a nearly constant post-yielding stiffness, Kp, after the transition point in the connection response.
This stiffness was due to material and geometric hardening after the formation of the yield
mechanism and added nearly two to three times to the connection strength.

Figure 4-13. Separation of column leg of tension angle from column flange (left), maximum top
angle deformation of specimen M-4 (right)
In the rotation range of the tested connections, no fracture was observed in the specimens as
shown in Figure 4-14.

Figure 4-14. Top and seat angles deformation, Specimen M-5, at end of test (θ=0.15 rad)
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Inspection of the bolts after monotonic loading showed no permanent deformation in the beam
bolts. However, due to the high angle-to-bolt stiffness ratio in specimen M-8 with the higher
prying force, column bolts permanently deformed under the combined bending and tension
forces as depicted in Figure 4-15.

Figure 4-15. Bolt deformation of Specimen M-8
Ovalization of the bolt holes on the column legs was observed in all the tension angles. However,
there was a sufficient distance between the column bolt holes and the edge of the angles to
eliminate connection shear rupture.
According to the moment-rotation curves, all the tested connections had a ductile behavior with
more than 0.14 rad rotation under monotonic loading.
4.7.1 Beam Leg Slip
Based on test results in the literature, the column leg deformation of the angles and the column
bolt elongation in connections with high angle-to-bolt stiffness ratio contributed the most in the
rotation. Garlock (Garlock 2002) presented that the column leg deformation accounts for more
than 90% of the total angle horizontal displacement. However, when the shear force between the
angle beam leg and the beam flange exceeded the resisting friction force, a slip took place due to
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the tolerance between the bolts and holes. Once any major slips happened, a disruption in the
moment-rotation response of the connections was observed, as shown in Figure 4-12. The
relative displacement between the beam leg of the angles and the beam flanges was recorded by
two potentiometers mounted horizontally as shown in Figure 4-9. Figure 4-16 shows the readings
of these potentiometers and their effect on the moment-rotation curves. Top and Bot notes in
Figure 4-16 denote the time of a slip between the angle beam legs and the top or bottom flanges
respectively. The beam bolt deformation and the bearing deformation of the beam bolt holes also
contributed to the recorded displacements after the slip occurred.

Figure 4-16 Relative displacements between angle beam leg and adjacent beam flange as
recorded by potentiometers
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The applied moment that causes the slippage depends on the number and size of the beam bolts,
the pretension force in the bolts, and the friction through the contact surfaces. After slippage, the
connections gained continually increasing strength through the connection deformation. Because
of the higher moment required for the mechanism formation in specimen M-8, the angle beam
legs slipped before the plastic hinges were formed. In specimen M-5 the top angle slipped at 35
kN-m moment. This moment was higher than the moment at the time of slippage in specimen M4 because of the existence of two rows of beam bolts in M-5. According to Figure 4-16, the
amount of slip was less than double the clearance between the bolt shanks and the holes, equal to
3.1 mm (1/8 in.). The initial position of a bolt in a drilled hole can affect the slip behavior
between the contact surfaces. Generally, the effect of slip in the connection rotation is less
significant in a connection with a higher beam depth. Garlock (Garlock 2002) presented that in a
PT connection, neglecting the beam leg slip and deformation as well as beam bolt deformation
and bearing deformation produced an error of 2% or less in the calculated stiffness of the tested
PT connections.

4.8

Test Results Summary

For all the tested specimens, the test results are summarized in Table 4.4. In some structural
models, the connection flexibility is presented as a bilinear moment-rotation curve. For that
purpose, tangent lines were plotted in the elastic and plastic regions of the moment-rotation
curves of the test results. The moment corresponding to the intersection point of the bilinear
curve was denoted as the plastic moment Mp. The percentage in Table 4.4 shows the value of the
moment normalized by the nominal beam plastic moment capacity, Mbp, as below:
Mbp=Zx×σy
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(13)

Mbp=34.7 in3×50 ksi=1735 in-kips=196 kN-m

Table 4.4. Mechanical properties of tested connections under monotonic loading.
kN − m )
Specimen Ke (
rad

Kp( kN − m )

Mp (kN-m)

Mmax (kN-m)

rad

M-4

1680

138

11.4

39.1 (20%)

M-5

5533

166

19.2

47.9 (24%)

M-8

9904

294

49.6

83.0 (42%)
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(14)

Chapter 5. Semi-Rigid Connection: Mathematical Equations

5.1

General

From the 1980s, researchers have developed many mathematical equations to represent the
behavior of bolted connections under monotonic and cyclic loading. As explained in Chapter 4,
several connection components contribute to the behavior of a bolted connection, which makes
its analysis more complex compared to a welded connection. In the following section, some
standardized moment-relative rotation equations with the shape parameters set based on the
connection geometry and the connection type are presented. These standardized mathematical
equations were derived using regression analysis methods for curve-fitting of the experimental
results (Attiogbe and Morris 1991)(Frye and Morris 1975). In the other analytical method,
named semi-empirical approach, theoretical equations were derived from the initial and the postyielding bending stiffness values derived from mechanical models used to standardize
mathematical equations (Kishi and Chen 1990)(Azizinamini, Bradburn, and Radziminski
1987)(Lee and Moon 2002). As further explained in this chapter, an analytical model can be
developed with the concern of simulating the nonlinear response of connection components, like
the tension angle and the column bolts (Garlock et al. 2003)(Shen and Astaneh-Asl
2000)(Elghazouli et al. 2009). A mechanical model of a component should consider the
boundary conditions and follow the deformation patterns observed in an experimental test to
provide a reliable load-deformation relationship. At the end of this chapter, a spring model is
presented to join the component flexibility and the slip effect to provide the analytical momentrotation response of a top-and-seat angle connection. The model is then verified with the
experimental test results of the tested connections under monotonic loading.
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5.2

Standardized Empirical Equations

Empirical statistical methods have been used to present the behavioral models based on the
experimental test data. The standardized polynomial and multi-parameter power functions are the
two common examples that correlate geometric properties of the connection to its momentrotation experimental test response by a curve-fitting procedure (Attiogbe and Morris 1991). In
order to derive a standardized equation, test data should be available for that type of connection
and for the specified range of stiffness and strength values. A standardized equation
extrapolation to connections with geometries beyond the range considered in the tests could
result in an error (Azizinamini et al. 1987).
A polynomial function model of bolted connections generally has the following form:

 = C1 (KM ) + C2 (KM ) 3 + C3 (KM ) 5

(15)

Here, Θ is the relative beam-column rotation of the connection, M is the moment applied to
the connection, Ci is a curve fitting constant determined empirically, and K is a dimensionless
function of the size parameters:




K = P1 1 P2 2 ...Pn

n

(16)

where αi is a curve-fitting constant and Pi is a geometric parameter like the depth of the
supported beam, the thickness and the length of the angles, the size of the bolts, and the effective
gage in the column leg of the angles.
For instance, based on the standardized parameters illustrated in Figure 5-1 (Frye and Morris
1975), a standardized moment-rotation equation of a top-and-seat connection can be presented as:
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Figure 5-1 Standardized geometric parameters for top-and-seat angle connection (Frye and
Morris 1975)

 = 8.46(KM ) 10−4 + 1.01(KM )3 10−4 + 1.24(KM )5 10−8

(17)

K = t −0.5d −1.5 f −1.1l −0.7

(18)

The above moment-rotation equation is developed for a limited range of the tested top-and-seat
angle connections. In these equations, it is not possible to distinguish the contribution of each
connection component on the final connection behavior. An example of an empirical-power
equation for the connection behavior with four independent parameters is presented in RichardAbbott (Attiogbe and Morris 1991) as follows:

M=

( S − S p )

1 + ( S − S p )

M0


n

1/ n






+ S p

(19)

where M0 is a reference plastic moment, S and Sp are the initial and plastic slope and n is a shape
parameter as shown in Figure 5-2.
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Figure 5-2 Dimensionless form of Richar-Abbott function for connection behavior (Attiogbe and
Morris 1991)
These parameters in a standardized empirical method are assigned by a statistical regression
method. In a semi-empirical method, a mechanical model is developed to calculate these
parameters analytically.

5.3

Analytical Model of Tension Angle

Based on the experimental test results in Section 4.7, the force-deformation response of the
column leg of the tension angle and its interaction with the column bolts dominantly control the
nonlinear response of a top-and-seat angle connection. Therefore, in order to calculate the
connection bending stiffness, the force-deformation behavior of the tension angle should be
assigned with the schematic curve illustrated in Figure 5-3. The nonlinear behavior of the angle
could be divided into elastic, transition, and post-yielding states.
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Figure 5-3. Force-deformation curve of tension angle
The tension angle deformation and the boundary condition can be simplified as depicted in
Figure 5-4.

Figure 5-4. Idealized tension angle model
A deformed angle section with the horizontal movement, Δ, and the rotation of node B, θB, along
with the internal moments of each angle segment are shown in Figure 5-5. In this analysis, a
fixed boundary condition is assumed at Point A where the column leg is clamped by the column
bolts to the column. Using the slope-deflection method, the moment at both ends of the angle
segments are as follows:
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Figure 5-5 Tension angle internal forces

M AB =

2EI
3 2EI B 6 EI
(2 A +  B − ) =
− 2
g1
g1
g1
g1

(20)

M BA =

2EI
3 4EI B 6EI
(2 B +  A − ) =
− 2
g1
g1
g1
g1

(21)

M BC =

4 EI B
2 EI
3
(2 B +  C − ) =
g2
g2
g2

(22)

M CB =

2EI
3 2EI B
(2 C +  B − ) =
g2
g2
g2

(23)

where θA and θC are assumed to be zero because of the fixed moment boundary condition at
points A and C, I is the moment of inertia of the angle section, g1 and g2 are the effective gauge
lengths relative to the column gauge length gc and the beam gauge length gb of the angle as
depicted in Figure 5-6. The boundary condition assumptions are the important aspects to assign
the effective gauge lengths. According to the connection behavior from the experimental test
results, the effective lengths are not constant along the angle width and could vary relative to the
amplitude of the applied force. Different assumptions were made in literature in order to simplify
the assignment of the effective gauge lengths (Elghazouli et al. 2009)(Azizinamini et al.
1987)(Shen and Astaneh-Asl 2000)(Garlock et al. 2003).
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Figure 5-6 Angle geometric parameters
Considering the moment equilibrium of node B, the rotation of this node is a function of the
horizontal movement of the beam leg, Δ, as follow:

M BA + M BC = 0
4EI B (

1
1
6 EI
+ )− 2 =0
g1 g 2
g1

B =

g2
3

2 g1 ( g1 + g 2 )

(24)
(25)

(26)

Considering the moment equilibrium of node A and the above equation, the shear force in the
angle column leg, V, relative to the angle horizontal movement is:

M AB + M BA + Vg 1 = 0

(27)

6 EI B 12EI
−
+ Vg1 = 0
g1
g12

(28)

V=

 g
12EI
( − B 1 )
3
2
g1
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(29)

V=


3g 2
12EI 
1 −

3 
g1  4( g1 + g 2 ) 

(30)

The above equation provides the elastic initial stiffness of the tension angle. This elastic bending
stiffness of the angle column leg without considering the column bolt deformation is as follows:
12 EI
g 13

K eb =



3g 2
1 −

 4( g 1 + g 2 ) 

(31)

By defining two springs in series, the shear elastic deformation of the angle column is added to
the model:

EI
2
0.26 g1t a

(32)

1
1
1
=
+
K e K eb K es

(33)

K es =

The moment in the angle segments, comprised of the column leg and the beam leg, is calculated
based on the applied axial force on the tension angle and are illustrated in Figure 5-7:
=

g13  4( g1 + g 2 ) 

V
12EI  4 g1 + g 2 

2EI
3
( B − )
g1
g1

(35)

g2
6EI
(
− 1)
g12 2( g1 + g 2 )

(36)

M AB =

M AB =

M AB = −

g1
2

(34)

 2 g1 + g 2   4( g1 + g 2 ) 
 2 g1 + g 2


 = − g1 
 2( g1 + g 2 )   4 g1 + g 2 
 4 g1 + g 2

M BA = −M BC = −2M CB
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V


(37)

(38)

M BA

4 EI B
2 g12
=−
=−
V
g2
4 g1 + g 2

(39)

Figure 5-7 Deformed connection
According to the end moments of the angle segments illustrated in Figure 5-7 and the
deformation pattern of the tested angle, Point A is the first point to yield. The axial force in the
angle representing this transition point, Vt, is equal to:

Vt =

4 g1 + g 2
M a, y
g1 (2 g1 + g 2 )

(40)

where Ma,y is the yield moment capacity of the angle section. From the angle force V> Vt, a
hinge point is assumed to be formed at node A, θA is not zero anymore, and MAB = 0.

M AB =

2EI
3
(2 A +  B − ) = 0
g1
g1

(41)

The angle rotations, considering the equilibrium equation at node B, M BA + M BC = 0 , is equal to:
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 A =  B (1 +

2 g1
)
g2

(42)

B =

3g 2

g1 (4 g1 + 3g 2 )

(43)

A =

3g 2 + 6 g1

g1 (4 g1 + 3g 2 )

(44)

The angle-deformation stiffness in the transition state, using the equilibrium equation at node A,

M AB + M BA + Vg 1 = 0 , is calculated as:
2EI
3
(2 B +  A − ) + Vg1 = 0
g1
g1
V=

(45)

12EI

g (4 g1 + 3g 2 )

(46)

12EI
g (4 g1 + 3g 2 )

(47)

Kt =

2
1

2
1

When a mechanism occurs in the tension angle, two plastic hinges are formed in the column leg
as depicted in Figure 5-8. One plastic hinge is formed near the column bolts and the other one
near the fillet toe. The distance between these two points, gh, is relative to the stiffness and
strength of the angle and the bolts.
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Figure 5-8 Tension angle after plastic mechanism occurred
Shen (Shen and Astaneh-Asl 2000) assumed two different deformation patterns relative to the
size of the angle and the bolts. For thin angles with relatively large diameter bolts that provide a
strong restriction on the angle deformation near the bolt, the yielding load is as follows:

Vy =

2M a , p
gh

(48)

2M a , p

=

gc − ta −

dh
2

where Ma,p is the flexural capacity of the angle section. For a thicker angle, the plastic hinge near
the column bolt is shifted to the column leg toe. Assuming this plastic hinge is extended into the
column bolt line, the yielding load changes to:
nb d h
)
wa
t
gc − a
2

M a , p (2 −
Vy =

(49)

where nh is the number of holes, wa is the angle width, and dh is the hole size. Garlock (Garlock
et al. 2003) presented a semi-empirical equation to describe the relationship between the angle
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thickness and the yielding force. The correlation coefficient, Cv, in this equation is assigned for
25 mm diameter bolts.
 2M a , p
V y = Cv 
 gh





Cv = (1.35 − 0.027ta )
In this equation, g h = g c −

(50)

(51)

dh
− k , where k is the fillet length, and ta is the angle thickness in
2

millimeters. Considering the equilibrium in node B proved that N = V as shown in Figure 5-8.
Also, summing moments about node A provided the post-yielding angle force, Vpy, as follows:

M AB + M BA = Vgh − N

(52)

 2M a, p   ( ) 


V py = Cv 
  
g
−

 h
 y 

(53)

Here, the last term accounts for the material hardening of the angle section. Considering a plastic
hinge length equal to the thickness of the angle, and a constant curvature in this plastic hinge
length  =


ta

, the strain in the plastic hinge is estimated as:

 = tan −1 (
=


)
gh

2
ta

 = 0.5 tan −1 (

(55)


)
gh

The stress σ(ɛ) can be measured by the tensile coupon test of the angles section.

53

(54)

(56)

5.4

Analytical Model of Connection

Based on the connection deformation shown in Figure 5-9 and assuming the center of rotation at
the beam leg fillet of the compression angle, the equilibrium equation of the free body diagram
can be written as

M = M C + MT + Vh

(57)

Where MC and MT are the moments in the compression angle and the tension angle, respectively,
and h is the distance from the tension angle fillet to the center of rotation at the compression
angle as shown in Figure 5-9. V in the above equation is a function of the angle horizontal
displacement, Δ = θ×(db+ta/2), relative to the rotation.

Figure 5-9. Connection deformation
As explained in section 4.7.1, a slip between the angle beam leg and the beam flange occurred
when the shear force between the contact surfaces exceeded the friction resistance force. The
friction resistance force itself is a function of the fastener pretension force and the surface
condition. The friction force, Vf, is estimated as the pretension force multiplied by the friction
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coefficient, Vf = Fpt×µ. A beam bolt slip model is arranged in series with the angle model to
simulate the slip effect as specified below:

 slip =

 slip

(58)

db

A code in MATLAB software was written to calculate the aforementioned moment-rotation
equations of top-and-seat angle bolted connections. The analytical model and the experimental
test results are plotted in Figure 5-10.

Figure 5-10 Moment-rotation response, comparison between experimental and analytical model
results
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Chapter 6. Semi-Rigid Connections: Cyclic Test

6.1

General

Studies of semi-rigid connections under low cyclic fatigue loading showed the ductile response
of bolted semi-rigid connections with the relatively stable cyclic behavior and energy dissipation
capacity (Azizinamini and Radziminski 1990)(Shen and Astaneh-Asl 1999). The energy
dissipated in hysteresis loops of bolted connections is relative to the connection geometry and the
material properties. The amplitude of the cyclic rotation (Mander et al. 1994), the plastic
deformation in the connection components (Shen and Astaneh-Asl 1999), and the slip between
the angles and the beam flanges affect the hysteresis behavior. The last two aforementioned
parameters can cause the pinching effect in cyclic loading responses. In this study, cyclic loading
tests were performed on the same connection configuration explained in Chapter 4. The test
specimens consisted of a W8×35 cantilever beam connected to a column plate using three
different sizes of top-and-seat angles (Figure 6-1). In this test plan, specimens with 6.3 mm (1/4
in.), 7.9 mm (5/16 in.), and 12.7 mm (1/2 in.) thick angles are denoted as C-4, C-5, and C-8
respectively. The specimens were tested under an increasing cyclic amplitude of rotation. The
moment-rotation envelope and the deformation pattern of the connections under cyclic loading
and monotonic loading are approximately the same (Calado, De Matteis, and Landolfo 2000).
However, all the specimens fractured at a lower rotation than the maximum measured rotation in
the monotonic test. The energy dissipation of the tested top-and-seat angle connections in each
cycle, the area enclosed by the moment-rotation curve, was calculated and compared in this
chapter.
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Figure 6-1. Overall view of specimen C-4 at end of test

6.2

Loading Pattern

The loading history for qualification of beam-to-column moment connections, presented in
section K2 of AISC 341 (AISC 2010), was selected for the cyclic loading test in this study. The
actuator, which was attached to the cantilever beam tip, applied displacement depicted in Figure
6-2 corresponding to a series of [0.00375, 0.005, 0.0075, 0.01, 0.015, 0.02, 0.03, 0.04] radian
rotations in the cantilever beam component. Based on this procedure, the test continued at
increments of θ = 0.01 rad with two cycles of loading at each step. The displacement was
imposed triangularly about the zero origin displacement with eliminating the beam self-weight
effect. The applied rotation in the cyclic test was kept constant when a reduction was observed in
the connection strength, and loading was continued until a fracture failure occurred in the angles.
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Figure 6-2. Time-displacement history of cyclic tests (actuator displacement in cm).

6.3

Test Results

The failure mode for all the tested specimens is the same. After the yield mechanisms formed in
the angles, small cracks initiated on the horizontal leg of the top and seat angles along the fillet
toe. These cracks at the edges of the angle then propagated through the thickness and along the
width of the angle. The tests were then terminated after any fracture failure occurred in the
angles or when the connection strength reduced to less than 25 percent of the maximum strength.
No crack was observed on the column leg of the specimens during the cyclic tests. In all the
specimens, the horizontal displacement of the beam top flange, representing the gap opening
between the beam and the column plate, was measured using the image processing software.
This parameter can be used to analyze the connection response considering the behavior of the
tension angle. The amount of dissipated energy during the plastic deformations increased relative
to the increase in the connection rotation. The average hysteretic energy in each cycle relative to
the connection rotation was measured as the area enclosed by the moment-rotation curve in that
cycle and summarized in Figure 6-3.
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Figure 6-3. Dissipated energy versus rotation
The slip between the angle leg and the beam flange also changed the nonlinear response of the
connections in cyclic loading. Shen and Astaneh-Asl mentioned that a few cycles of loading may
change the clamping force and the surface condition that alter the slip resistance (Shen and
Astaneh-Asl 2000). a summary of the test results is given in Table 6.1. The initial stiffness
assigned to the specimens was calculated at the connection rotation between ±10 kN-m (±7.4
kips-ft) applied moment. Moreover, the post-yielding stiffness of the connections, Kp, in Table
6.1 was measured independent from the effect of slip and the pinching effect. The percentage in
this table shows the approximate value of the moment normalized by the nominal beam plastic
moment capacity.
Table 6.1 summary of cyclic test results.
Specimen

Elastic
Bi-Linear Plastic
Stiffness Ke
Moment Mp
(kN-m/rad)
(kN-m/rad)

Post-Yield
Stiffness Kp
(kN-m/rad)

Mu Ultimate
Strength (kN-M)

C-4

2190

11.5

102

19.5 (10%)

C-5

5640

22

135

32.5 (17%)

C-8

10250

56

311

72.6 (37%)
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The maximum and minimum moment values for each cycle and their corresponding relative
rotation for the tested specimens are plotted in Figure 6-4.

Figure 6-4. Moment-rotation envelope curve of tested specimens
6.3.1 Specimen C-4
A table of cyclic loading behavior, consisting of the rotations, peak moments, and dissipated
energy in each cycle, is presented in Table B. 1 in Appendix B. The cyclic moment-rotation
curve and the idealized bi-linear inelastic curve of specimen C-4 are depicted in Figure 6-5.

Figure 6-5 Hysteresis behavior (left), and bilinear inelastic model, specimen C-4
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The horizontal displacement of the beam top flange versus the connection moment, which is a
dominant parameter in strand elongation in PT connections, is measured by the image processing
program explained in Section 4.6 and depicted in Figure 6-6. In specimen C-4, cracks appeared
on the angles at θ = 0.0757 rad (Figure 6-7). High residual deformation of the angles after
loading was also observed as shown in Figure 6-8.

Figure 6-6 Horizontal displacement of beam top flange, C-4.

Figure 6-7 Top angle failure in specimen C-4 (θ=0.04)
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Figure 6-8 top and seat angles residual rotation at θ=0.04, specimen C-4
The slip between the beam flanges and angles (Figure 6-9) illustrated that the beam moved
approximately 2 mm permanently to the column face in specimen C-4.

Figure 6-9 Slip between angles and beam flanges, specimen C-4
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6.3.2 Specimen C-5
A table of cyclic loading behavior of specimen C-5 is presented in Table B. 2 in Appendix . The
cyclic moment-rotation curve and the idealized bi-linear inelastic curve of specimen C-5 are
depicted in Figure 6-10.

Figure 6-10. Hysteresis behavior (left), and bilinear inelastic model, specimen C-5
The horizontal displacement of the beam top flange relative to the column face is shown below
in Figure 6-11. The cracks initiated in the beam leg of angles are the same as in specimen C-4
(Figure 6-12). An obvious rupture at the edges of the top angle is illustrated in Figure 6-13 and
Figure 6-14.

Figure 6-11. Horizontal displacement of beam top flange, specimen C-5
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Figure 6-12 Angle of specimen C-5 at end of test with θ=0.08 rad

Figure 6-13. Top and seat angles residual deformation at θ = 0.08 rad, specimen C-5
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Figure 6-14. Rupture of top angle in specimen C-5
The slip between the top beam flange and the top angle is less than 1 mm during the test (Figure
6-15). On the bottom of the beam, the reversal horizontal slip occurred in the last cycle with the
rotation range of θ = 0.0780 rad.

Figure 6-15. Slip between angles and beam flanges, specimen C-5
6.3.3 Specimen C-8
The inelastic behavior of specimen C-8 is presented in Table B. 3. in Appendix . As shown in
Figure 6-16, a pinching behavior highly affected the moment-rotation response of specimen C-8.
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In a connection with a high pinching effect, it is not practical to model the moment-rotation
behavior with a bi-linear model like the curve plotted in Figure 6-16.

Figure 6-16. Hysteresis behavior (left), and bilinear inelastic model (right), specimen C-8

Figure 6-17. Horizontal displacement of beam top flange, specimen C-8
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Figure 6-18. Top angle fracture in specimen C-8
The high relative strength of the 12.7 mm (1/2 in.) thick angle compared to the 19.0 mm (3/4 in.)
column bolts caused plastic deformations in the bolts of specimen C-8, as shown in Figure 6-19.
A gap between the column bolt heads and the angle column leg was formed when the column
bolts experienced plastic deformations. The gap was one of the reasons for the pinching behavior
in the moment-rotation response of specimen C-8 (Figure 6-16).

Figure 6-19. Column bolt residual deformation in C-8 and M-8
The slip of the bottom and top angles relative to the beam flanges initiated at θ = 0.0022 rad, and
θ = 0.0084, respectively. grinding sound were produced during the cyclic slip between the angles
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and the beam flanges. The slip between the connection components is illustrated in Figure 6-20
as the other reason for the pinching behavior in specimen C-8.

Figure 6-20. Slip between angles and beam flanges, specimen C-8
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Chapter 7. PT Connection: Test Setup

7.1

General

Five PT subassemblies, with the proposed configuration of the retrofitting method explained in
Section 3.4, were tested. The specimens had the same test setup of the exterior top-and-seat angle
connections presented in Chapter 6. The angle size, L4×3 1/2×1/4 and L6×4×5/16, the PT length
of the beam, 76.2 cm (30 in.) and 106.7 cm (42 in.), and the initial post-tensioning force were the
parameters changed in this experimental study.

7.2

Retrofitting Components

The overall test setup of the tested PT cantilever beam is shown below in Figure 7-1. The beamto-column connections were post-tensioned using four seven-wire high-strength steel strands,
illustrated in Figure 7-2, that were anchored using the retrofitting components explained in this
section.
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Figure 7-1. Overall test setup of PT connection

Figure 7-2. Proposed PT connection
7.2.1 Reinforcing Plate
Four reinforcing plates, size 30.5×10.2×1.3 cm (12×4×1/2 in), were shop fabricated from the
same steel type, A572 Grade 50, of the beam section. Two short-slotted holes were drilled on
each reinforcing plate. Slotted holes made it possible for beam bolts of the existing boltedconnection to pass through the reinforcing plate as shown in Figure 7-3.
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Figure 7-3. Reinforcing plate configuration
The position of the slotted holes should be assigned based on the location of the existing bolts
that attach the top and seat angles to the beam flanges. In order to prevent yielding of the
reinforcing plates before the beam flanges in compression, the area of each reinforcing plate was
determined as
a rp =

b f t f  yb

(59)

2 yrp

where bf and tf are the beam width and the beam flange thickness, respectively, and σyb and σyrp
are the yield stresses of the beam and reinforcing plate sections. The reinforcing plate length,
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Lrp= 305 mm (12 in.), was assigned as 1.5 times the beam depth and 2 times the length of the
angle beam leg. The reinforcing plate should be fillet welded to the beam flange interior face to
eliminate slippage. To make the on-site fillet welding possible, the reinforcing plate width, wrp,
can be considered as below:

wrp =

bf

− t w − 16Dw

2

(60)

where Dw is the weld size in sixteenths of an inch. Assuming FEXX = 70 ksi, the required weld
size is:

Dw =

a rp urp

(61)

1.392l w

where lw is the weld length and σurp is the ultimate stress of the reinforcing plate. Considering a
weld length equal to half the perimeter of the reinforcing plate, the weld size in this test was
calculated as 9.5 mm (3/8 in.). All other requirements of welding, mentioned in AISC
specification (Committee. 2010), should also be satisfied.
7.2.2 Anchor Stiffener Plate
The anchor stiffener plates were shop fabricated and welded to the beam in order to anchor one
end of the post-tensioning strands. Two 25.4 mm (1 in.) thick stiffener plates were welded to
both sides of the beam web at the specified PT length of the beam. 15.9 mm (5/8 in.) diameter
holes with 3.2 mm (1/8 in.) clearance were drilled in the stiffener plates to pass the posttensioning strands through the anchor stiffener plates. These holes were drilled as close as
possible to the web of the beam to reduce any eccentric force that might develop from the strands.
Based on the retrofitted beam section, the defined fillet weld lines are as follow:
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-

25.4 cm (10 in.) long transversely loaded fillet weld between the anchor stiffener plate
and the beam web and flanges (A+B+C weld lines in Figure 7-4)

-

5.1 cm (2 in.) long longitudinally loaded fillet weld between the anchor stiffener plate
and the beam flanges (D+E weld lines in Figure 7-4)

Figure 7-4 weld lines configuration
The PT strands anchored against the stiffener plates applied shear force on the weld. Neglecting
the longitudinally loaded fillet weld, assuming FEXX = 70 ksi, and considering the ultimate strand
force Tu = 60 kips (267 kN), the fillet weld size of weld line A, B, and C was assigned as:

Dw =

1 ns.Tu
1.5 1.392l w

(62)

where ns is the number of strands. In this test setup, Dw = 9.5 mm (3/8 in.) was appropriate to
transfer the shear force from the strands to the beam section. Preventing fatigue failure should
also be taken in consideration for the design of weld.
The bending strength of the stiffener plate against the eccentric loading caused by the strands is
crucial for designing the size of the longitudinally loaded weld lines (lines D and E). The
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ultimate moment applied by the strands at a distance of es = 3.4 cm (1-11/32 in) from the beam
web face (Figure 7-4) is:

M u = 2Tu es = 2  60 kips  1

11
in = 161.2 kip − in
32

(63)

The resisting moment provided by the weld lines on the top and bottom of the stiffener plate
(lines A and B) is as follows (ew is the distance from the beam web face to the center of weld
lines A and B as illustrated in Figure 7-4):

5
M n = 1.5  1.392Dw l w ew = 1.5  1.392  6  4.5  1 in = 91.6 kip − in
8

(64)

A 15.9 mm (5/8 in.) weld size for the longitudinally loaded weld lines (D and E) is required to
prevent a stiffener plate failure under bending, calculated as:
M req = 161.2 (kip − in) − 91.6(kip − in) = 69.6(kip − in)

Dw =

M req
1.392l w ew

69.6

=

1.392  2  2

3
4

= 9.1

(65)
(66)

7.2.3 Column Plate and Anchor Plate
The proposed method can be used for retrofitting both interior and exterior connections. In an
interior connection, anchor stiffener plates should be welded to beams on both sides of an
interior column and post-tensioning strands are passed through the column and anchored against
the anchor stiffener plates. In an exterior connection, the same as the tested subassembly
configuration, one end of the post-tensioning strands is anchored against the anchor stiffener
plates and the other end is rested behind an anchor plate attached to the exterior flange of the
column. For this test setup, an anchor plate was mounted behind the column plate that
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represented the exterior flange of the column. To fabricate the column plate, first stiffeners were
welded to a 61.0×35.6×2.5 cm (24×14×1 in) steel plate as illustrated in Figure 7-5. The stiffeners
increased the column plate rigidity to eliminate the contribution of the column deformation in the
connection rotation. The strand anchor heads and the load cells were placed behind the anchor
plate, which was bolted to the stiffeners as shown below.

Figure 7-5. 3D drawing of column plate with stiffeners (left) and with anchor plate and load cells
(right)
Different supports were modeled and analyzed in the general-purpose finite element program
ABAQUS (Anon 2014). Based on the analysis output (Figure 7-6), the stiffener configuration
was finalized to provide a high rigidity that anchors the post-tensioning system without much
deformation.
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Figure 7-6. FEM of column plate with stiffeners
The presented arrangement of the column plate, stiffeners, and anchor plate made fastening of
the top, bottom and web angles’ bolts possible while providing a support for the load cells and
the strand anchor heads (Figure 7-7).

Figure 7-7. Load cells and strand anchor heads

7.3

Test Specimens

The specification of the five tested PT specimens is summarized in Table 7.1. The prefix of the
specimen name defines the PT beam length. The PT beam length is the length of the beam under
the compression force induced by the tension force in the strands. This length is equal to the
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distance from the back of the anchor stiffener plates to the edge of the beam member as depicted
in Figure 7-2. L denotes longer length, LPT = 106.7 cm (42 in), and S denotes shorter length, LPT
= 76.2 cm (30 in). The number after the letter S or L is the average nominal initial posttensioning force of each strand in kips. Finally, the number following the hyphen is the top and
seat angle thickness in sixteenths of an inch. A more accurate value of the total initial posttensioning force applied on all four strands, T0, is presented in Table 7.1. The initial tension force
was chosen to provide the decompression moment, Md, equal to 0.8×Mp, measured in Section 6.3,
for both angle sizes. The initial post-tensioning force in the strands was also assigned not to
allow the exceedance of the strand tension force beyond the strand yielding force, Fy,s, before the
fracture of the angles at θu. Therefore, the maximum allowable initial tension force in each strand,
T0,max, was assigned as:

Tmax  Fy ,s −

d s u
As E
ls

(67)

Table 7.1. Specification of the test specimens
Specimen
Name

LPT mm (in)

T0 kN (kips)

Angle size

L7-4

1067 (42)

127 (28.5)

L4×3 1/2×1/4

S7-4

762 (30)

125 (28.1)

L4×3 1/2×1/4

L11-5

1067 (42)

199.3 (44.8)

L6×4×5/16

S11-5

762 (30)

201.8 (45.4)

L6×4×5/16

L14-5

1067 (42)

256.3 (57.6)

L6×4×5/16
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7.4

Instrumentation

In addition to the instrumentation explained in Section 4.5, four load cells were placed at the end
of the strands to measure the tension force during the post-tensioning procedure and the cyclic
loading test. Each load cell can measure up to 222-kN (50-kips) force which is more than the
yielding tension force of 12.7 mm (1/2 in.) Grade 270 steel strand.

7.5

Retrofitting Procedure

Figure 7-8 shows a tested specimen during the post-tensioning process and Figure 7-9 shows a
schematic drawing of the post-tensioning setup. The following steps were carried out to retrofit a
semi-rigid top-and-seat angle connection.

Figure 7-8. Post-tensioning setup
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Figure 7-9. Post-tensioning setup
- Anchor stiffener plates were field welded to the beam section at the predefined post-tensioning
length.
- Angle beam bolts, fastening angles to the top and bottom beam flanges, were untightened. In
case of short existing bolts, they should be replaced by bolts with enough length that can pass
through the holes in the angle, beam flange, and reinforcing plate.
- Four shop fabricated reinforcing plates with short-slotted holes were positioned at the inside
face of the beam flanges to touch the column face. The angle beam bolts were hand tightened
and the reinforcing plates were welded to the beam flanges according to the specified pattern in
Section 7.2.1.
- Two anchor stiffener plates were welded to the beam section according to the specification
explained in Section 7.2.2 at the defined post-tensioning length.
- Four high-strength steel strands were passed through the holes pre-drilled in the anchor
stiffener plates and column flanges and anchored using mono-strand anchor heads (Figure 7-10).
Half-inch (1.27 cm) diameter, high-strength 7-wire steel strands were used in this test. The
tension on the strands was applied using a hydraulic jack, ENERPAC RRH-606, with a 533 kN
(60 ton) capacity, and a hydraulic hand pump as illustrated in Figure 7-8. In this test setup, the
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jack was placed behind a plate that was welded at the end of the beam section. For a beam in a
steel frame, the jack can be placed behind the anchor stiffener plates if an appropriate setup is
designed.

Figure 7-10. Anchor stiffener plates
- After the post-tensioning procedure is accomplished, the beam bolts should be fastened up to
the predefined tension force for a slip-critical joint condition. In this test setup, the bolts were
snug-tightened using a calibrated torque wrench up to 29±0.1 kN (6.5±0.1 kips) pretension force
in each bolt.
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Chapter 8. PT Connection: Test Results and Analytical Model

8.1

General

A parametric experimental study was performed to investigate the effect of strand length, angle
size, and initial PT force on the inelastic cyclic response of retrofitted PT connections. In this
chapter, the moment-relative rotation diagrams of the tested PT connections are presented. Also,
the total tension force in the PT strands relative to the connection rotation and the applied
moment is plotted. In specimens L7-4 and S7-4, the cycles were increased up to a fracture in the
angles. However, the tested PT connections with stronger L6×4×5/16 angles were loaded up to θ
= 0.045 rad. This rotation could capture the inelastic response of the specimens without any
angle fracture, beam buckling or strand yielding. The moment-rotation graphs show the selfcentering capability in all the retrofitted PT connections. The initial tension force in the strands
reduced after decompression due to the anchorage seating. This reduction reduced the connection
stiffness and increased the residual rotations of the tested PT connections. In the retrofitted PT
connections, less horizontal slip between the angles and the beam flanges was observed
compared to that of the semi-rigid connections because of using the reinforcing plates.
Application of the reinforcing plates prevented the beam flanges from slipping against the angle
beam legs toward the column face.

8.2

Specimen L7-4

Specimen L7-4 with a PT beam length, LPT, equal to 106.7 cm (42 in.) was connected to the
column plate with L4×3½×¼ angles. The average initial PT force in each strand was equal to
31.7 kN (7.1 kips). The cyclic behavior of L7-4 is summarized in Table B. 4 in Appendix B and
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the moment-rotation curves of the tested PT specimen and specimen C-4 (the connection with
the same geometry but without post-tensioning) is depicted in Figure 8-1. A stable hysteresis
response of the PT connection up to cycle θ = 0.0491 rad with the self-centering capability was
observed. According to the test results, the retrofitting method also improved the strength and
stiffness of the connection.

Figure 8-1. Moment-rotation response, Specimen L7-4
In cycle θ = 0.0679 rad, cracks initiated on the angles at both edges shown in Figure 8-3. From
this cycle, the connection strength dropped significantly, however, the connection could resist
moment because of the PT strand resistant moment (Figure 8-2).
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Figure 8-2. Moment-rotation response of specimen L7-4 before angles fracture (left), and after
angle fracture (right)

Figure 8-3. Specimen L7-4, cracks on top angle at test end
The total tension force in the strands during the test is shown in Figure 8-4. There is a symmetry
in these plots for upward and downward deformation of the cantilever beam. The tension force
was constant until a detachment occurred and the tension reinforcing plate separated from the
column face.
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Figure 8-4. Total PT force versus relative rotation (left), and moment (right), specimen L7-4

8.3

Specimen S7-4

Specimen S7-4 with the same connection configuration as L7-4, except with a different LPT =
762 mm (30 in.), was tested. The average of 31.2 kN (7.0 kips) initial force per strand, and the
total initial PT force T0 = 125 kN (28.1 kips) was applied on specimen S7-4. The cyclic behavior
of S7-4 is summarized in Table B. 5 in Appendix B, and depicted in Figure 8-5.

Figure 8-5. Moment-rotation response, Specimen S7-4
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Cracks were seen on both the top and seat angles of S7-4 after the first loop of cycle θ = 0.0661
rad. The moment strength reduction was observed, following the crack propagation through the
width of the angles at the fillet toe in the beam leg. The fractured angles of specimen S7-4 and
the moment-rotation behavior of S7-4 after the crack initiation are presented in Figure 8-6 and
Figure 8-7, respectively. The cyclic test at around θ = 0.0661 rad, with the same actuator
displacement, was continued until the top angle fractured into two pieces. After this point, a
complete cycle was performed with the dissipated energy Ed = 1.81 kJ.

Figure 8-6. Fracture in top and seat angles, specimen S7-4
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Figure 8-7. Moment-rotation response of specimen S7-4 after angle fracture
The total tension force of strands during the cyclic test is illustrated in Figure 8-8.

Figure 8-8. Total PT force versus relative rotation (left), and moment (right), specimen S7-4

8.4

Specimen L11-5

Specimen L11-5 consisted of top and seat L6×4×5/16 angles, with LPT = 1067 mm (42 in.). The
specimen was tested without any failure up to θ = 0.045 rad. The average of 49.8 kN (11.2 kips)
initial force per strand, T0 = 199.3 kN (44.8 kips), was applied on Specimen L11-5. The cyclic
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behavior of L11-5 is summarized in Table B. 6, and depicted in Figure 8-9. The total tension
force of the strands and its reduction during the cyclic test is illustrated in Figure 8-10.

Figure 8-9. Moment-rotation response of specimen L11-5 and C-5

Figure 8-10. Total PT force versus relative rotation (left), and moment (right), specimen L11-5

8.5

Specimen S11-5

The same PT connection configuration as L11-5 but with a different LPT = 762 mm (30 in) was
tested. The average of 49.8 kN (11.2 kips) initial force per strand, T0 = 199.3 kN (44.8 kips), was
applied on specimen S11-5. The cyclic behavior of S11-5 is summarized in Table B. 7, and
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depicted in Figure 8-11. The total tension force of the strands and its reduction during the cyclic
test is illustrated in Figure 8-12.

Figure 8-11. Moment-relative rotation response, specimen S11-5 and C-5

Figure 8-12. Total PT force versus rotation (left), and versus moment (right), specimen LS11-5

8.6

Specimen L14-5

Specimen L14-5 with the same configuration as L11-5 but with a different initial tension force
was tested. The average of 64.1 kN (14.4 kips) initial force per strand, T 0 = 256.3 kN (57.6 kips),
was applied on specimen L14-5. The cyclic behavior of L14-5 is summarized in Table B. 8, and
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depicted in Figure 8-13. The total tension force of the strands and its reduction during the cyclic
test is illustrated in Figure 8-14.

Figure 8-13. Moment-rotation response, specimen L14-5 and C-5

Figure 8-14. Total PT force versus relative rotation (left), and versus moment (right), specimen
L14-5

8.7

Test Result Analysis

The residual rotation of the tested specimens versus the rotation range of the test cycles are
compared in Figure 8-15.These plots show that the residual rotation of a PT connection is less
than the corresponding residual rotation of a semi-rigid connection provided a self-centering
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capability. Comparing the behavior of S7-4 and S11-5 to L7-4 and L11-5 shows that the residual
rotations are higher in a PT specimen with a shorter strand length relative to a specimen with the
same angle size but with longer strands. More tension force loss in the strands of the PT
specimens with the shorter length of strands is the main reason for this difference. Generally, by
reduction in the post-tensioning force, the self-centering capability of a PT connection decreases.
Furthermore, the comparison of the residual rotations of L11-5 and L14-5 shows that a higher
post-tensioning force provides a reduction in the residual rotation and a better self-centering
capability.

Figure 8-15. Residual rotation of connections versus range of rotation
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Based on the recorded load cell data, the total strand force at the beginning of each cycle, Ti,
reduced when strands experienced a higher tension force relative to the initial tension force, T 0,
during the previous cycles. Plots in Figure 8-16 show Ti versus the highest experienced rotation
of the specimens. After a decompression occurred (the tension force in strands increased),
strands seated in the anchor heads and the initial tension force reduced. Based on Figure 8-15,
the amount of the total force loss was relative to the strand length. For the specimens with shorter
strands, this force reduction was more significant as seen in specimen S7-4 and S11-5 compare
to specimen L7-4 and L11-5. Furthermore, the tension force loss was greater for the connections
with the higher T0 but with the same connection geometry, as shown comparing Specimens L115 and L14-5 in Figure 8-16.

Figure 8-16. Loss of post-tension force
According to the following equation, previously explained in Section 3.3, the resisting moment
developed by the PT strand is relative to the strand length and the decompression moment:

Ms =

EI s
 + Md
ls

91

(68)

As shown in Figure 8-17, Specimens S7-4 and S11-5 had a higher moment strength compared to
Specimens L7-4 and L11-5 with the same initial tension force but with a different strand length.
However, the moment-rotation behavior of a PT specimen is sensitive to the force loss in the PT
strands, which is higher for a specimen with a shorter length of strands. Comparing Specimens
L11-5 and L14-5 proves that the value of the post-tensioning force affected Md as the other
parameter contributing in the moment resistant developed by the PT strands.

Figure 8-17. Moment-rotation envelope for semi-rigid and PT retrofitted semi-rigid connections
The average hysteresis loop area for different rotation ranges of the PT connections and the
semi-rigid connections are plotted in Figure 8-18. As illustrated, the tested PT specimens had a
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better capability in dissipating energy. Although Specimen S7-4 provided higher energy
dissipation compare to Specimen L7-4, this trend was not seen between S11-5 and L11-5. The
dissipated energy per cycle was sensitive to the tension force loss in the strands and further
studies should be performed to provide a reliable relation between the PT strand length and the
energy dissipation capacity of a connection.

Figure 8-18. Dissipated energy per cycle versus rotation amplitude

8.8

Verification of analytical model

The concept of the decompression moment of a PT connection was explained in Section 3.3, and
the following equation was presented:

d

M d ,th = T0  b − t bf 
 2


(69)

The decompression moment can also be distinguished from the experimental results
corresponding to an applied moment that causes the reinforcing plate and the angle heel to
separate from the column face. At this moment, the tension force in the strands starts to increase
relative to the connection rotation. Furthermore, the gap between the angle column leg and the
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column plate opens followed by the stiffness reduction in the moment-rotation responses. The
decompression moment for specimen S11-5 is highlighted in Figure 8-19.

Figure 8-19. Decompression in Specimen S11-5
The theoretical and the experimental decompression moments for all the PT specimens are
summarized and compared in Table 8.1.
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Table 8.1. Decompression moment
M d ,exp

Specimen
Name

T0 (kN)

Md,exp (kN-m)

Md,th (kN-m)

L7-4

127.0

12.0

11.4

1.05

S7-4

125

11.5

11.2

1.02

L11-5

199.3

19.5

17.9

1.09

S11-5

201.5

17.0

18.1

0.94

L14-5

256.3

25.0

23.1

1.08

M d ,th

As explained in Section 3.3, the PT strands and the ED components provide the moment
resistance in a retrofitted connection. If the moment resistance of the top and seat angles, Med,
derived from an experimental test, is added to the analytical moment resistance of the PT strands,
the moment-rotation response envelope, the backbone curve, of the retrofitted connection could
be estimated analytically as follows:

M PT = M ed + M s

(70)

EI s
 + Md
ls

(71)

Ms =

The bending stiffness of the strands, K s =

EI s
, for the two different strand lengths in this
ls

research was calculated and used for plotting the moment-rotation responses of the retrofitted
connections as shown in Figure 8-20. However, according to the test results, the value of Md was
not constant in cycles during the test. The modified-analytical curves are plotted in Figure 8-20
and represent the changes in the total initial tension force of strands. As illustrated in Figure 8-20,
the modified-analytical curves have a better correlation with the experimental results.
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Figure 8-20. Effect of PT strands on moment-rotation response of semi-rigid connections
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Chapter 9. Summary and Conclusions
This dissertation described post-tensioning of existing semi-rigid steel connections as a
retrofitting method. According to the test results, adding post-tensioned (PT) strands to an
existing beam-to-column connection increases the stiffness and strength of the connection and
reduces the residual deformations following an earthquake. The construction phase of
implementing this system was designed to have the minimum influence on the existing
architectural and structural members of the building. The parametric study of the strand length
effect on the hysteretic response of a PT steel connection has never been studied before that
explained in this research.

9.1

Summary

9.1.1 Cyclic Behavior of PT Connection
The typical nonlinear “two-flag” shape cyclic response of PT bolted semi-rigid connections was
explained in detail in Chapter 2 and Chapter 3.
-

A PT Connection shows a high initial stiffness before the decompression happens when
the moment exceeds the resisting moment provided by the PT strands.

-

After a gap opening occurs between the beam-column interfaces at the decompression
moment, the PT strands provide an additional stiffness to the bending stiffness of the
original semi-rigid connection.

-

Application of the proposed retrofitting method adds self-centering behavior to the
moment-relative rotation behavior and reduces the residual rotation after experiencing the
plastic deformations.
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-

The modified analytical equation developed in this study represents the moment-rotation
response of the retrofitted semi-rigid connection relative to the PT strand length.

9.1.2 Angle Behavior in Semi-Rigid Steel Connections
To better understand the nonlinear response of a bolted top-and-seat angle connection, a set of
specimens were tested under monotonic and cyclic loadings. The experimental and analytical
moment-deformation results of the connection angles under monotonic loading were further
explained in Chapter 4 and Chapter 5 respectively. The experimental cyclic responses of the topand-seat angle specimens were also summarized in Chapter 6.
-

By increasing the applied moment, three hinge points were formed near the angle fillet
point and column bolts in the tension angles. The location of the hinge point near the
column bolt was relative to the thickness of the angle.

-

After the formation of plastic mechanisms in the tension and the compression angles, the
connection bending stiffness increased approximately linearly because of the material
strain hardening and geometric nonlinearity.

-

The connection angles under cyclic loading were fractured at the rotations lower than the
angles under monotonic loading because of the formation of fatigue cracks. The cracks
initiated at the fillet toe of the angle beam legs and propagated through the thickness until
a fracture happened.

-

The slip between the angles and the beam flanges significantly affected the beam-column
relative rotation. The amount of rotation caused by the slip in monotonic loading was
relative to the bolt hole clearance. For the same relative rotation, the slip was more
significant in a specimen with the higher angle size because of the higher shear force
transferred between the beam and the tension angles.
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-

The mechanical model based on the force-deformation behavior of the tension angle and
moment-rotation in the compression angle at the fillet point was provided for the top-andseat angle connections under monotonic loading to better explain the nonlinear behavior
of the connection components.

9.1.3 PT Setup
The construction phases of adding PT strands to the existing connections along with the test
assembly setup were explained in Chapter 7. Firstly, the reinforcing plates were placed on the
interior side of the beam flanges with the same beam bolts that fasten the angles to the beam. The
reinforcing plates were added to better transfer the compression load from the beam to the
column face. Anchor stiffener plates were welded to the beam to provide an anchorage system
for the PT strands.
9.1.4 Cyclic Behavior and Analytical Modeling
The test results of five PT connections were presented in Chapter 8 with a comparison between
the residual rotation, moment-rotation response, and hysteretic energy dissipation capacity of the
different PT connections and the original semi-rigid connections.
-

The PT connections with the shorter PT strand lengths provided a higher bending
stiffness after the decompression happened.

-

The PT connections provided higher energy dissipation per rotation relative to the semirigid connections. Further studies need to be performed to specify the relation between
the PT strand length and the energy dissipation capacity of PT connections.

-

The residual rotations of the PT connections were related to the initial tension force in the
strands at the beginning of each cycle. The experimental results showed that the amount
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of the tension force loss was relative to the strand length. Moreover, the self-centering
capability of the PT connections with the shorter strand length was significantly affected
and decreased during the cyclic loading.
-

The provided analytical model that represents the moment-rotation backbone curve was
modified based on the tension force loss in the strands for a better prediction of the
bending stiffness in a PT connection.

9.2

Conclusion

Based on the test results, retrofitted PT connections provide stable hysteretic behavior without
any brittle failure (i.e. fracture of strands in tension or beam flange buckling). The cyclic
performance of a PT connection with a self-centering capability is better compared to a semirigid connection with the same geometry but without the post-tensioning system. The beam and
column of a retrofitted connection remain elastic with nonlinear deformations happening in the
connection angles, which can be replaced following an earthquake. The energy dissipation
capacity of a PT connection is also higher than that of a semi-rigid connection. The loading
response of a PT connection is related to the strand length in the provided retrofitting method. It
should be mentioned that the loss of the tension force in the PT strands caused by the anchor
seating reduces the self-centering capabilities in the retrofitted connections.
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Appendix A

Figure A. 1. Fabrication drawing of beam

105

Figure A. 2. Fabrication drawing of angle 6×4×1/2

106

Figure A. 3. Fabrication drawing of angle 6×4×5/16

107

Figure A. 4. Fabrication drawing of angle 4×3 1/2×1/4

108

Figure A. 5. Fabrication drawing of anchor stiffener and post-tensioning plate

109

Figure A. 6. Fabrication drawing of column plate
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Figure A. 7. Post-tensioning assembly drawing

111

Figure A. 8. Fabrication drawing of tension test specimens

112

Figure A. 9. Fabrication drawing of reinforcing plate

113

Figure A. 10. Fabrication drawing of side plate

114

Figure A. 11. Fabrication drawing of anchor plate

115

Figure A. 12. Drawing of PT specimen assembly
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Figure A. 13. Drawing of semi-rigid specimen assembly
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Appendix B
Table B. 1 Summary of cyclic behavior, C-4
Range of
Rotation
(rad)

Number
of Cycles

Maximum
Moment
(kN-m)

Minimum
Moment
(kN-m)

Dissipated
Energy per
Cycle (kJ)

Cumulative
Dissipated
Energy (kJ)

Range of
Residual
Rotation

0.0023

6

5.01

-5.95

0.0007

0.0042

0.0001

0.0033

6

6.27

-7.25

0.0003

0.0060

0.0002

0.0053

6

8.27

-9.14

0.0033

0.0258

0.0002

0.0069

4

9.64

-10.56

0.0160

0.0898

0.0006

0.0108

2

11.94

-12.57

0.0815

0.2528

0.0022

0.0152

2

12.94

-13.87

0.1746

0.6020

0.0053

0.0249

2

14.41

-15.43

0.4530

0.9662

0.0117

0.0349

2

15.54

-16.50

0.8517

2.6696

0.0209

0.0555

2

17.19

-18.39

1.9119

6.4934

0.0401

0.0757

1

18.15

-19.5

3.1092

9.6026

0.0614
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Table B. 2. Summary of cyclic behavior, C-5
Range of
Rotation
(rad)

Number
of Cycles

Maximum
Moment
(kN-m)

Minimum
Moment
(kN-m)

Dissipated
Energy per
Cycle (kJ)

Cumulative
Dissipated
Energy (kJ)

Range of
Residual
Rotation

0.0023

6

9.10

-9.65

0.0002

0.0354

0.0001

0.0031

6

10.96

-11.82

0.0007

0.09

0.0002

0.0052

6

13.89

-15.12

0.0032

0.1914

0.0002

0.0072

4

16.01

-17.45

0.0152

0.2658

0.0002

0.0117

2

18.67

-19.93

0.1210

0.3356

0.0022

0.0166

2

20.30

-21.41

0.2796

0.4038

0.0051

0.0268

2

22.45

-23.43

0.7747

0.5338

0.0122

0.0371

2

24.03

-24.87

1.3787

0.6708

0.0213

0.0584

2

26.50

-26.82

2.8459

0.901

0.0399

0.0780

2

27.39

-28.6

4.4300

1.158

0.0588

0.0965

1

28.89

-32.05

6.2660

1.3122

0.0776
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Table B. 3. Summary of cyclic behavior, C-8
Range of
Rotation
(rad)

Number
of Cycles

Maximum
Moment
(kN-m)

Minimum
Moment
(kN-m)

Dissipated
Energy per
Cycle (kJ)

Cumulative
Dissipated
Energy (kJ)

Range of
Residual
Rotation

0.0013

6

12.61

-13.37

0.0032

0.03

0.0001

0.0015

6

16.04

-16.87

0.0030

0.0606

0.0002

0.0022

6

22.51

-23.43

0.0165

0.1176

0.0002

0.0028

4

29.93

-29.93

0.0236

0.1736

0.0012

0.0044

2

38.02

-38.38

0.0523

0.2178

0.0008

0.0084

2

42.47

-40.4

0.4304

0.2796

0.0041

0.0159

2

48

-48.7

1.2846

0.4136

0.0092

0.0254

2

53.82

-52.67

2.4647

0.584

0.0167

0.0447

2

61.8

-57.8

5.0625

0.8964

0.0345

0.0614

2

67.85

-65.42

7.1099

1.3158

0.0476

0.0765

1

72.56

-72.17

9.4446

1.5211

0.0665
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Table B. 4. Summary of cyclic behavior, Specimen L8-4
Range of
Rotation
(rad)

Number of
Cycles

Maximum
Moment
(kN-m)

Minimum
Moment
(kN-m)

Dissipated
Energy per
Cycle (kJ)

Cumulative
Dissipated
Energy
(kJ)

Range of
Residual
Rotation

0.0011

6

12.2

-13.4

0.0043

0.0258

0.0001

0.0018

6

14.9

-16.1

0.0111

0.0924

0.0002

0.0036

6

19.5

-19.4

0.0140

0.1764

0.0003

0.0056

4

22.5

-23.1

0.0483

0.3696

0.0006

0.0097

2

26.9

-27.8

0.1000

0.5696

0.0007

0.0137

2

30.5

-31.8

0.2040

0.9776

0.0008

0.0227

2

36.7

-38.2

0.4859

1.9494

0.0022

0.0316

2

42.5

-44.1

0.8666

3.6826

0.0052

0.0491

2

52.5

-54.8

1.9935

7.6696

0.0121

0.0679

3

60.7

-64.8

3.3339

17.6713

0.0199

0.0671

1

55.6

-62.7

2.7149

20.3862

0.0172

0.0677

1

52.2

-56.4

1.8669

22.2531

0.0116
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Table B. 5. Summary of cyclic behavior, Specimen S8-4
Range of
Rotation
(rad)

Number
of Cycles

Maximum
Moment
(kN-m)

Minimum
Moment
(kN-m)

Dissipated
Energy per
Cycle (kJ)

Cumulative
Dissipated
Energy (kJ)

Range of
Residual
Rotation

0.0011

6

14.4

-11.7

0.0015

0.0090

0.0001

0.002

6

17.3

-14.3

0.0082

0.0582

0.0001

0.0034

6

21.2

-19.3

0.0046

0.0858

0.0002

0.0051

4

24.1

-23.1

0.0306

0.2082

0.0001

0.0087

2

28.9

-28.3

0.0576

0.3234

0.0003

0.0129

2

33.1

-32.4

0.1503

0.624

0.0004

0.0213

2

40.3

-39.3

0.5628

1.7496

0.0032

0.0300

2

47.1

-46.0

0.9752

3.7000

0.0038

0.0488

2

59.7

-58.5

2.2062

8.1124

0.0153

0.0661

2

69.6

-69.4

3.7589

15.6302

0.0245

0.0678

1

61.34

-65.2

2.7952

18.4254

0.0219

0.0682

1

56.55

-56.93

1.8178

20.2432

0.01715
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Table B. 6. Summary of cyclic behavior, Specimen L11-5
Range of
Rotation
(rad)

Number
of Cycles

Maximum
Moment
(kN-m)

Minimum
Moment
(kN-m)

Dissipated
Energy per
Cycle (kJ)

Cumulative
Dissipated
Energy (kJ)

Range of
Residual
Rotation

0.0006

6

13.9

-14.8

0.0019

0.0114

0.0001

0.0007

6

18.1

-18.7

0.0066

0.0510

0.0001

0.0018

6

24.4

-26.9

0.0332

0.2502

0.0002

0.0035

4

29.7

-33.6

0.0502

0.4510

0.0005

0.0075

2

37.03

-40.7

0.1401

0.7312

0.001

0.0117

2

41.7

-45.4

0.3229

1.3770

0.0013

0.0206

2

49.1

-52.8

0.8647

3.1064

0.002

0.0294

2

55.72

-59.46

1.41

5.92

0.0051

0.0472

2

66.69

-70.4

3.08

12.09

0.0141
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Table B. 7. Summary of cyclic behavior, Specimen S11-5
Range of
Rotation
(rad)

Number
of Cycles

Maximum
Moment
(kN-m)

Minimum
Moment
(kN-m)

Dissipated
Energy per
Cycle (kJ)

Cumulative
Dissipated
Energy (kJ)

Range of
Residual
Rotation

0.0007

6

17.78

-16.52

0.0108

0.0648

0.0001

0.001

6

22.1

-21

0.0134

0.1452

0.0002

0.002

6

28.3

-28.25

0.0469

0.4266

0.0003

0.0038

4

33.7

-33.1

0.0408

0.5898

0.00035

0.0075

2

40.6

-39.6

0.1434

0.8766

0.0006

0.0117

2

45.4

-44.3

0.3141

1.5048

0.0013

0.0207

2

52.6

-51.8

0.8217

3.1482

0.0037

0.0286

2

58.7

-57.7

1.3651

5.8784

0.0079

0.0491

2

69.4

-68.4

2.7838

11.4460

0.0177
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Table B. 8. Summary of cyclic behavior, Specimen L14-5
Range of
Rotation
(rad)

Number
of Cycles

Maximum
Moment
(kN-m)

Minimum
Moment
(kN-m)

Dissipated
Energy per
Cycle (kJ)

Cumulative
Dissipated
Energy (kJ)

Range of
Residual
Rotation

0.0009

6

13.61

-16.3

0.0048

0.0288

0.0001

0.0011

6

18.04

-21.6

0.003

0.0468

0.0001

0.0019

6

26.2

-31.1

0.0303

0.2286

0.0003

0.0034

4

32.5

-38.3

0.0156

0.2910

0.0002

0.0073

2

42.1

-45.5

0.0701

0.4312

0.0005

0.0117

2

47.97

-50.1

0.1964

0.8240

0.0008

0.0209

2

55.58

-57.08

0.94

2.70

0.0025

0.0299

2

61.92

-63.27

1.42

5.54

0.0028

0.0489

2

71

-73.4

3.15

11.84

0.0104
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